The kidney is a target organ for injuries caused by advanced glycation end products (AGEs) in obesity. The receptor of AGEs (RAGE) is proinflammatory and appears to have a role in the pathogenesis of renal disease due to obesity. OBJECTIVE: The aim was to verify the effect of obesity on renal damage and the effect of lycopene on these complications DESIGN AND METHODS: Male Wistar rats were randomly assigned to receive a control diet (C, n = 7) or a high-fat diet plus sucrose (HD+S, n = 14) for 6 weeks. After this period, the HD+S animals were randomized into two groups: HD+S (n = 7) and HD+S supplemented with lycopene (HD+S+L, n = 7). The animals received maize oil (C and HD+S) or lycopene (HD+S+L) for a 6-week period.
INTRODUCTION
Obesity is an excessive accumulation of body fat that impairs health. According to the World Health Organization, 1 in 2011, 1.5 billion adults were overweight; of these,~500 million were obese. On the basis of this information, obesity is now recognized as a public health problem and a risk factor for chronic diseases such as insulin resistance, type 2 diabetes mellitus and cardiovascular and renal diseases. 2 Several factors can trigger kidney disease in obese individuals, including hyperglycemia, dyslipidemia, hypertension and oxidative stress. 3 Under normal conditions, there is a balance between reactive oxygen and nitrogen species and antioxidants; in contrast, when the production of reactive species exceeds local antioxidant capacity, a situation of oxidative stress prevails. 4 Excessive food intake leads to the oxidation of lipids (lipoxidation) and glucose (glycation), generating lipoxidation products (malondialdehyde, MDA; glyoxal; acrolein and 4-hydroxy-nonenal, 4-HNE) and glycation products (glyoxal and methyl glyoxal). These compounds are highly reactive and bind to amino acids, resulting in advanced glycation end products (AGEs) and lipoxidation products (ALEs). 5 It has been described that AGEs are involved in common events in obesity, insulin resistance, diabetes mellitus 2 and inflammation, 6 which may correspond with an important activator of renal injury in obesity. 7 The AGEs remaining in the circulation are eliminated by the kidney 8 and, depending on the intensity and duration of exposure, may be an important factor in kidney damage. 9 AGEs contribute to tissue damage by binding to specific AGE receptors (RAGE) located on the cell membrane. RAGE is a member of the immunoglobulin superfamily, and is also expressed in the kidney. 10 When binding occurs, AGE/RAGE triggers a cascade of events involving the transduction of kinases that culminate in the activation of nuclear transcription factor kappa β/nuclear factor kappa B, transcription factors that lead to the production of proinflammatory cytokines 11 such as interleukin-6, tumor necrosis factor alpha (TNF-α) and monocyte chemoattractant factor (MCP-1/CCL2). Thus, AGE/RAGE binding is one of the interfaces between oxidative stress and inflammation.
Given the importance of oxidative stress in the pathogenesis of several diseases, several therapeutic strategies using antioxidants have been tested in order to mitigate the overproduction of reactive oxygen species and reactive nitrogen species. 12 Lycopene is a potent antioxidant; it was recently demonstrated that lycopene supplementation may contribute to the attenuation of oxidative stress in metabolic diseases. 13 Furthermore, it has been shown that lycopene is able to inhibit nuclear factor kappa B activation and the production of TNF-α, suggesting its utility as a therapy for inflammatory diseases.
14 So far, we have found no studies that investigated the effect of supplementation with lycopene on the kidneys. Therefore, studies are needed to assess the effects of lycopene on the pro-oxidative state and renal inflammation that occur in obesity. Therefore, the aim of this study was to investigate the effect of obesity on renal damage and the possible effect of lycopene in ameliorating these complications. 1 
MATERIALS AND METHODS

Animals and experimental protocol
Male Wistar rats (10-week-old), from the Animal Center of Botucatu Medical School, Sao Paulo State University, UNESP (Botucatu, Brazil), were initially divided into groups receiving either a commercial chow diet (C, n = 7; 12% energy from fat) or a high-fat diet (49.7% energy from fat) and 30% of sucrose in the drinking water (300 g/l) (HD+S, n = 14), for 6 weeks.
The high-fat diet was designed in our laboratory to contain a powdered commercial chow diet-NUVILAB CR-1 (Nuvital; Sogorb Indústria e Comércio Ltda., Sao Paulo, Brazil), wafer biscuit, condensed milk, palm oil, vitamins and minerals. The ingredients were homogenized and pelletized. Diet-induced obesity was used to mimic obesity from occidental dietary habits. The nutritional composition of the diets is presented in Table 1 . After 6 weeks under a high-fat diet plus sucrose, HD+S rats were randomly assigned into two groups: HD+S (n = 7) and HD+S supplemented with lycopene (HD+S+L, n = 7). Lycopene was mixed with corn oil equivalent to 10 mg lycopene per kg body weight and given orally every morning 5 days per week for a 6-week period. All groups received the same corn oil volume (~2 ml kg − 1 body weight per day). Rats were housed in individual cages in Animal Experimental Facility (UNIPEX) at the Botucatu Medical School, UNESP, with a controlled room temperature (22-26°C) and 12 h light/dark cycle. Dietary consumption was measured daily and body weight was assessed weekly. The 24-h urine samples were collected in metabolic cages 1 week before euthanasia. The animals were euthanized by decapitation under deep sodium pentobarbital anesthesia (50 mg kg − 1 , intraperitoneal injection). Plasma and kidneys were collected. The experiment was conducted in accordance with the Guidelines for the Care and Use of Experimental Animals and the diets followed the specifications on the Nutrient Requirements of the Laboratory Rat. 
Lycopene preparation
Lycopene (Lyc-O-Mato 6% dewaxed; LycoRed Natural Products Industries, Beer-Sheva, Israel) was mixed with corn oil and stored at 4°C in the dark until use. The tomato oleoresin-corn oil mixture was stirred for 20 min in a water bath at 37°C before being fed to the animals.
Total body fat
The adiposity index (%) was measured as the sum of the mass of the epididymal, retroperitoneal and visceral fat pads, divided by the body weight and multiplied by 100.
Glomerular filtration rate
Rats were housed in metabolic cages for 24 h and urine was collected. To calculate the glomerular filtration rate, creatinine concentrations in plasma and urine (glomerular filtration rate: urine creatinine (mg dl − 1 ) × urinary flow (ml min − 1 )/plasma creatinine (mg dl − 1 )) were assessed.
Plasma and kidney lycopene analysis
A 400 μl aliquot of plasma or 100 μl of kidney homogenate (100 mg of tissue per 1 ml of phosphate buffered saline, PBS) was used for lycopene analysis, as described previously. 15 Briefly, samples were extracted with 3 ml of chloroform-methanol (2:1) followed by 3 ml of hexane. The samples were dried under N 2 and resuspended in 100 μl of ethanol, of which 25 μl were injected into the high-performance liquid chromatography (HPLC) apparatus.
The reverse phase HPLC system consisted of a Waters 2695 Alliance system (Waters Co., Milford, MA), a C30 semibore carotenoid column (3 μm, 150 × 3.0 mm, YMC, Wilmington, NC, USA) and a Waters 2996 photodiode array detector set at 450 nm. The HPLC mobile phase solvent A was MeOH/ MBTE/water (85:12:3, v/v/v, with 1.5% ammonium acetate in the water), and the mobile phase solvent B was MeOH/MBTE/water (8:90:2, v/v/v, with 1% ammonium acetate in the water). The gradient was set up for 0.4 ml min − 1 beginning with 100% solvent A followed by 45% solvent A over a 21 min linear gradient and held at 45% A for 1 min. This was followed by an 11 min linear gradient to 5% solvent A and 4 min hold at 5% solvent A, then a 2 min linear gradient back to 100% solvent A. The system was held at 100% solvent A for 8 min for equilibration back to the initial conditions. Lycopene was quantified by determining the peak areas in the HPLC chromatograms calibrated against known amounts of standards. The results were adjusted using an internal standard containing echinenone. The recovery of the added internal standard was consistently 490%.
Biochemical parameters
Plasma concentrations of glucose and total cholesterol were analyzed by an enzymatic colorimetric method using kits (Bioclin, Belo Horizonte, Brazil) and automated apparatus (Mindray BS-200, Shenzhen, China).
Oral glucose tolerance test
For the oral glucose tolerance test, the glucose solution was administered by gavage (3 g kg − 1 ) to animals after 6 h of fasting. Capillary blood was collected from the tail immediately before, 30, 60, 90 and 150 min after glucose intake. The concentration of glucose was measured in whole blood (Accu-Chek Go glucometer kit, Roche, Sao Paulo, Brazil) and the area under the curve was estimated by the trapezoidal method.
Systolic blood pressure
Systolic blood pressure was measured by tail plethysmography, using a sphygmomanometer (electro-sphymomanometer, Narco Bio-System, Model 709-0610, International Biomedical, Inc., Tucson, AZ, USA). To trigger the vasodilatation of the caudal artery, rats were previously warmed at 40°C for 5 min. After warming, the sensor was attached around the animal's tail. The cuff was inflated to a pressure of 200 mm Hg and subsequently deflated. The arterial pulse was registered on a polygraph (Gould RS 3200, Gould Instruments, Valley View, OH, USA).
Inflammatory and oxidative stress markers TNF-α was analyzed in plasma and kidney homogenates (130 mg tissue per ml PBS) by a commercial ELISA kit (R&D Systems Inc., Minneapolis, MN, USA).
The concentration of the receptor for advanced glycation end products (RAGE) was quantified in plasma and kidney homogenates (50 mg tissue per ml PBS, diluted 1:200 in PBS) using a commercial ELISA kit (R&D Systems).
The AGEs in urine were quantified by a commercial ELISA kit (Cell Biolabs Inc., San Diego, CA, USA). The 8-hydroxydeoxyguanosine, an indicator of oxidative DNA damage, was measured in urine by a commercial ELISA kit (Cell Biolabs).
All analyses were performed using a microplate reader (Spectra Max 190; Molecular Devices, Sunnyvale, CA, USA).
RAGE gene expression
Total RNA was extracted from the kidney using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The SuperScript II First-Strand Synthesis System for real-time PCR (Invitrogen) kit was utilized for the synthesis of 20 μl of complementary DNA from 1000 ng of total RNA. The mRNA levels of RAGE (Applied Biosystems, Thermo Fisher Scientific Inc., Foster City, CA, USA) were determined by real-time PCR. Quantitative measurements were made using a commercial kit (TaqMan qPCR; Applied Biosystems) in a detection system (StepOne Plus; Applied Biosystems). Cycling conditions were as follows: enzyme activation at 50°C for 2 min, denaturation at 95°C for 10 min, complementary DNA products amplification for 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min. Gene expression was quantified in relation to the values of the control group after normalization to an internal control (cyclophilin; Applied Biosystems).
Malondialdehyde (MDA) analysis
A 100 μl aliquot of urine was used for MDA analysis. Briefly, we add 700 μl of 1% orthophosphoric acid and 200 μl of thiobarbituric acid (42 mM) to the sample and then heated it for 60 min in a water bath at 100°C; the sample was cooled on ice immediately after. Two hundred microliters were transferred to a 2 ml tube containing 200 μl of sodium hydroxidemethanol (1:12 v/v). The sample was vortex-mixed for 10 s and centrifuged for 3 min at 13 000 g. We transferred 200 μl of the supernatant to a 300 μl glass vial, and injected 50 μl onto the column. The HPLC system used was a Shimadzu LC-10AD system (Shimadzu Corporation, Kyoto, Japan), with a C18 Luna column (5 μm, 150 × 4.60 mm, Phenomenex Inc., Torrance, CA, USA), a Shimadzu RF-535 fluorescence detector (excitation: 525 nm, emission 551 nm), and 0.5 ml min − 1 flow of phosphate buffer (KH 2 PO 4 1 mM, pH 6.8). MDA was quantified by area determination of the peaks in the chromatograms relative to a standard curve of known concentrations.
Total antioxidant performance
The total antioxidant performance in plasma and kidney was quantified by comparing the AUC on the oxidation kinetics of BODIPY 581/591 (Invitrogen). The total antioxidant performance method was applied to measure the antioxidant status (lipophilic and hydrophilic compartments) using phosphatidylcholine as a reference. Aliquots (100 μl) of plasma or kidney homogenate (100 mg ml − 1 ) were mixed with 300 μl of PBS and 100 μl of BODIPY 581/591 (2 μM) and the samples were incubated in a water bath at 37°C for 10 min. After incubation, 485 μl of ice-cold PBS was added. Fifteen microliters of the radical initiator MeO-AMVN (2 mM) was added and the mixture vortexed using small magnetic sphere. Then, 200 μl aliquots of each sample were transferred to a microplate. The oxidizability of the sample was monitored by the oxidation product of BODIPY 581/591 , indicated by green fluorescence (excitation: 500 nm, emission: 520 nm) using a counter (Wallac Victor 2, Perkin-Elmer, Boston, MA, USA).
Statistical analysis
The Kolmogorov-Smirnov test was used to verify the normality of the data. Results are expressed as mean and standard error (s.e.), and significance was calculated by one-way analysis of variance followed by post-hoc tests. For the correlation between variables, the Pearson correlation was used. The software used was SigmaStat version 3.5 for Windows (Systat Software, Inc., San Jose, CA, USA). Differences were considered significant at Po0.05.
RESULTS
Body weight, food intake and adiposity index are shown in Table 2 . The adiposity index was higher in the HD+S and HD+S+L groups (P o0.001). There was no difference between the groups regarding weight and energy intake. Chow intake was higher in the C group (P o 0.001) and water consumption was lower in the HD+S+L group compared with the HD+S group (P = 0.036). Lycopene was detected in the plasma and kidney only in the HD+S+L group (plasma lycopene: mean 28.7, s.e. 6.3 nM; kidney lycopene: mean 1.49, s.e. 0.27 nM g − 1 of protein). Table 3 shows the biochemical parameters, blood pressure and glomerular filtration rate of animals. No significant differences were observed in these parameters.
As an indicator of insulin resistance, the oral glucose tolerance test showed no differences between groups regarding the area under the curve. However, the groups HD+S and HD+S+L showed higher glucose levels (P o0.05) than the C group 150 min after glucose administration (Figure 1) . Table 4 shows oxidative stress markers in kidney, plasma and urine. There was no difference between groups when the antioxidant performance in plasma and kidney was compared. In urine, the levels of MDA increased in HD+S animals (P = 0.002) and HD+S+L animals showed similar values to the C animals (P = 0.093). The levels of AGEs (P = 0.005) and 8-OHdG (P o 0.001) were increased in the HD+S and HD+S+L groups.
We found positive correlations between the index of adiposity and oxidative DNA damage (AI and 8-OHdG; r = 0.60, P = 0.005) and between the adiposity index and lipid peroxidation (AI and MDA; r = 0.59, P = 0.006).
Kidney RAGE was increased in HD+S rats (P = 0.005) and decreased in HD+S+L rats (HD+S+L vs HD+S, P = 0.023; HD+S+L vs C, P = 0.523) and returned to control levels (Figure 2a) . Figure 2b shows the same pattern for TNF-α in the kidney. The concentration of soluble RAGE in plasma was not significantly different between groups (Figure 2c ). Plasma TNF-α levels increased (P = 0.003) in the HD+S and HD+S+L groups compared to the C group (Figure 2d ). The analysis of the gene expression of RAGE in kidney showed no differences (P = 0.063) between the groups (Figure 2e) .
DISCUSSION
In the present study, obesity was induced in Wistar rats by high-fat diet plus sugar in drinking water aiming to characterize a Western diet. One of the first change with obesity is increase in fat mass, which brings metabolic disorders, inflammation and oxidative stress. These alterations reflect tissue damage that affects various organs, among them the kidney. 16 Many studies have induce obesity by dietary changes, but there is still no uniformity in the period of manifestation of metabolic parameters or the increased adiposity index due to the diversity of composition and exposure to these diets. 17 Our results showed that HD+S rats had increased fat mass, but this degree of obesity was not enough to cause changes in glucose, cholesterol, blood pressure and renal function; only insulin resistance increased with obesity, which was not reversed by lycopene supplementation. These data are consistent with the literature showing that the Western diet, rich in fat and sugar, is considered to increase visceral fat and the contribute to the development of insulin resistance; 18 lycopene has no influence on these parameters. 19 Oxidative stress involves reactive molecules that are composed of oxygen or hydrogen. 20 In our study, the nutritional overload had no effect on total antioxidant performance in both the plasma and kidney, which can be justified by the absence of comorbidities. Venturini et al. 21 demonstrated in clinical work that individuals with lower antioxidant performance suffered from metabolic syndrome, that is, they presented, in addition to obesity, increased blood sugar, triglycerides and blood pressure. Another clinical study reported that changes in antioxidant capacity occur when obesity is accompanied with metabolic complications. 22 However, we observed a significant increase in the oxidative indicator of DNA damage, 8-OHdG, and MDA in the urine of HF+S rats. Hofer et al., 23 in humans, indicated that the body mass index is directly associated with increased risk of DNA damage due to oxidative stress. Regarding MDA, it has also been reported that this is related to increased body weight and a hypercaloric diet. 17, 24 These studies are in agreement with our data, as our animals (HD+S) had no comorbidities, so we can attribute the increase of these components to increased fat mass. Given the positive correlation found in our study, 8-OHdG and MDA are directly related to increased fat mass, and are thus particular indicators of oxidative stress in obesity.
The mechanisms by which obesity predisposes to renal damage are still being investigated. 25 AGE/RAGE binding may contribute to the pathogenesis of obesity-related renal impairment. 26 AGE/ RAGE binding can also be promoted by the pro-oxidant state by triggering inflammation through the activation of nuclear factor kappa B and the production of proinflammatory cytokines. 27 As noted above, the AGE/RAGE binding is associated with oxidative and inflammatory phenomena that result in increased cytokine expression. 28 In this study, we observed that the high-fat diet plus sucrose promoted an increase in TNF-α and RAGE in renal tissue. This result suggests that this model of obesity induction resulted in the activation of inflammatory and oxidative pathways through AGE/RAGE binding.
Our study also shows that supplementation with lycopene can decrease the concentration of RAGE in the renal tissue of HF+S+L rats, which was also observed for urinary MDA. Regarding AGE, also urinary, with carotenoid supplementation did not interfere its concentration. It must be emphasized that this metabolite was formed since the initiation of obesity, 29 which occurred in the sixth week. As the feed stimulus continued concomitantly with lycopene supplementation, these species could not be inactivated by antioxidants. Unlike MDA, which is a product that can be neutralized by antioxidants, AGEs are irreversible due to the irreversibility of carbonylation. 30 These results suggest that lycopene had a direct action on RAGE which causes a decrease in inflammation as well as in the products of lipid peroxidation. Thus, we observed an anti-inflammatory effect of lycopene in the kidney via oxidative stress, which can be confirmed by the presence of lycopene in the plasma and kidneys of the supplemented rats.
The soluble RAGE receptor is found in the circulation, and a high concentration of soluble RAGE receptor has been associated with chronic inflammatory diseases, including atherosclerosis and diabetes. 31 Our data show no change in the soluble receptor in induced obesity. This can be explained due to the time period of the study (12 weeks) and the early stage of obesity, which was not enough to cause changes in glucose levels. Brix et al. 32 suggest that an increase in soluble RAGE is more common in diabetics and in more severe cases of obesity.
With regards to systemic inflammation, we confirmed increased plasma TNF-α levels in obese rats; these levels did not decrease with lycopene treatment. This may be due to the time of administration of the carotenoid (6 weeks). In a study on diabetic rats with similar timing to ours, 4 weeks of supplementation with lycopene was not able to reduce the levels of TNF-α. 33 Moreover, the literature reports that diets rich in carotenoids result in a rapid increase of these components in plasma, but their effect on inflammation is slower, suggesting slow intracellular accumulation of carotenoids. 34 Other researchers also found no decrease in plasma levels of TNF-α with administration of lycopene in obese individuals. 35 This can also be explained by the fact that circulating levels of TNF-α are derived from other organs [36] [37] [38] that are also affected by obesity, which might not respond as well to lycopene treatment as the kidney, since this organ is not the only one affected in this condition. 39 In summary, it was observed that the high-fat diet plus sucrose led to changes in body composition, triggering obesity and insulin resistance, but without biochemical, hemodynamic or renal function changes. However, the diet promoted a systemic increase in lipid peroxidation, inflammation and oxidative damage to DNA, Lycopene reduces TNF-α via RAGE in kidney DT Pierine et al along with inflammation and oxidative stress in the kidney. Lycopene was able to decrease MDA, RAGE and TNF-α levels in the kidney. Thus, this carotenoid can be beneficial for the prevention and treatment of toxicity induced by oxidative stress in the kidney due to obesity.
